An effcient, yet accurate, computational protocol for predicting nitrogen NMR chemical shifts based on density functional theory and the gauge-including atomic orbital approach has been proposed. A database of small and relatively rigid compounds containing nitrogen atoms was compiled. Scaling factors for the linear correlation between experimental 15 N chemical shifts and calculated isotropic shielding constants have been systematically investigated with seven different levels of theory in both chloroform and dimethyl sulfoxide, two commonly used solvents for NMR experiments. The best method yields a root-mean-square deviation of about 5.30 ppm and 7.00 ppm in CHCl 3 and DMSO, respectively. Moreover, another set of scaling factors for -NH 2 chemical shifts was also proposed based on a separate database with three levels of theory. Furthermore, it is encouraging that a reasonable transferability for the linear correlation has been found between these two solvents. This finding will enable broader applications of the developed empirical scaling factors to other commonly used solvents in NMR experiments. The consistency between theoretical predictions and experimental results for structural elucidations was illustrated for selected examples including regioisomers, tautomers, oxidation states, and protonated structures. An efficient, yet accurate, computational protocol for predicting nitrogen NMR chemical shifts based on density functional theory and the gauge-including atomic orbital approach has been proposed. A database of small and relatively rigid compounds containing nitrogen atoms was compiled. Scaling factors for the linear correlation between experimental 15 N chemical shifts and calculated isotropic shielding constants have been systematically investigated with seven different levels of theory in both chloroform and dimethyl sulfoxide, two commonly used solvents for NMR experiments. The best method yields a root-mean-square deviation of about 5.30 ppm and 7.00 ppm in CHCl 3 and DMSO, respectively. Moreover, another set of scaling factors for -NH 2 chemical shifts was also proposed based on a separate database with three levels of theory. Furthermore, it is encouraging that a reasonable transferability for the linear correlation has been found between these two solvents. This finding will enable broader applications of the developed empirical scaling factors to other commonly used solvents in NMR experiments. The consistency between theoretical predictions and experimental results for structural elucidations was illustrated for selected examples including regioisomers, tautomers, oxidation states, and protonated structures.
Introduction
Theoretical predictions of nuclear magnetic resonance (NMR) chemical shifts have found an increasing number of applications for structural elucidation and mechanistic studies in modern chemistry research.
[1] Development of accurate yet practically affordable computational methods is crucial to improve the reliability and accuracy of such predictions and can help to narrow the structural possibilities. Though quantum mechanical calculations of chemical shifts and coupling constants date back as early as to 1950s by Ramsey, [2] routine calculations of isotropic shielding constants and chemical shifts have been made practically accessible due to methodology developments, especially the introduction of the gauge-including atomic orbital (GIAO) approach. [3] Various methodological developments aiming at reducing errors have been carried out. These include accounting for electron correlations, [4] accurate modeling of solvation effects, [5] conformational averaging, [6] vibrational averaging, [7] heavy atom effects, [8] linear regression [1, 9] and empirically parameterized quantum mechanical models. [10] Among them, the linear regression method, namely the application of corrections derived from linear regression procedures, is arguably the most general and straightforward approach for error reduction. It aims at achieving high accuracy with low to moderate computational costs by applying an empirical scaling to minimize the systematic errors in the adopted models. The success of such empirical scaling is demonstrated by the superior performance of predictions of chemical shifts for 1 H and 13 C, which has been recently reviewed by Lodewyk et al. [1] It has been noted that the major benefit for this empirical scaling is that the slope can be used as an empirical correction to correct the computed chemical shifts for systematic errors. Such a procedure can reduce error from various sources such as solvation effects, rovibratory effects, and other methodological limitations. The intercept values provide a convenient alternative for a reference value from which the calculated isotropic values can be converted to chemical shifts. Therefore, via the approach of linear regression, the obtained prediction value can not only be scaled to decrease the systematic errors but can also avoid the specific errors associated with certain reference compounds.
It has been suggested that the high sensitivity of the nitrogen lone pair to changes in the molecular environment makes 15 N NMR an exceptionally useful tool. [11] [12] [13] In the current work, we aim at developing efficient protocols for computational prediction of 15 N chemical shifts, in order to further improve the accuracy of structural elucidation.
We compiled a database with small and relatively rigid molecules covering most common nitrogen-containing functional groups and developed empirical scaling parameters for linear regression approaches with seven levels of theory. As a complement to previous experimental and computational work on 1 H and 13 C, [1, 14, 15] our protocol will assist in the full realization of predictions of chemical shifts in structural elucidations of many important natural products and pharmaceutical related NMR compounds. Furthermore, to the best of our knowledge, the transferability for the linear regression models between different solvents was investigated for the first time. The encouraging results enable a broader application of the developed protocol for other commonly used NMR solvents.
Results and Discussions

Performance of the adopted methods
The fitted empirical scaling factors are listed in Table 1 , and their performance is summarised in Table 2 . For all seven methods in the two solvents, R 2 s were estimated to be close to 1.0 ( (Table   2 , and the linear regression figures can be found in ESI Figure S1 and S2). When the fitted empirical scaling factors were applied to the probe sets (Table 2) , similar performances were observed for both solvents.
We excluded the -NH 2 group containing molecules with the corresponding chemical shifts larger than 300 ppm from the linear regression. For this particular group, a significant deviation between predicted and experimental values was noted, as reported previously by
Xin et al. [16] To address this issue, we built another separate database of 12 -NH 2 containing molecules, and based on this database new scaling factors specifically for -NH 2 were fitted for Method 5, 6 and 7 (see Figure S3 and [ 17] We also note that the fitted empirical scaling factors provide a better prediction for 15 N chemical shifts in CHCl 3 than those in DMSO in terms of RMSDs (Table 2) . Two possible factors might contribute to the difference in their performances. Firstly, the chemical shift range covered in DMSO (∼-284 ppm to ∼35 ppm) is larger than that in CHCl 3 (∼-217 ppm to ∼36 ppm). Thus, the absolute RMSDs in DMSO is larger than those in CHCl 3 .
This has been observed in previous studies on 1 H and 13 C chemical shifts. [17] Secondly, the dielectric constant of DMSO ( =45.80) is much larger than that of CHCl 3 ( =4.55), and it is expected that DMSO might have a larger effect on the molecular structures [18] compared to those in vacuo. To further improve the prediction accuracy, including solvation effects in the geometric optimization may be helpful. However, the corresponding computational time will be increased significantly. 
Applications of 15 N Chemical Shifts in Structural Elucidations
We have applied the developed protocol to illustrate the potential applications of 15 N chemical shifts in structural elucidations for selected case studies.
Regioisomers
The distinction between different regioisomers can be made by NMR chemical shift analyses.
In order to differentiate various heterocycles containing molecules, current applications of 1 H and 13 C NMR spectra are sometimes insufficient [20] , especially for small molecules, whose structures are difficult to ascertain. The broader range of nitrogen chemical shifts enables a more sensitive analysis than 1 H and 13 C chemical shifts analyses. Investigation of the regiochemistry of oxazole based molecules has drawn considerable attention due to their wide application as bioactive natural products. [21] [22] [23] At the same time, it is challenging for 15 N NMR predictions without linear regression, as the corresponding error will be significantly larger. We applied our protocol to oxazoles, isoxazoles, and oxadiazoles ( Figure 1 and Table   4 ), which have been systematically investigated recently by Xin et al.. [16] For the molecules listed, we carried out our calculations using Method 5-7 with the same procedure as above and only considered the conformer with the lowest energy obtained through the geometry optimization step in the gas phase (the same procedure was applied for 5, 6 and 7, discussed in next sections). For oxazole 1, all three methods are able to predict the correct isomers through providing chemical shifts comparable with experimental data (most of the errors are within 1σ or at most 2σ). For isoxazoles (2 and 3), all three methods can distinguish the correct structure. What needs to be highlighted is that the substantial systematic error for the chemical shifts of the -NH 2 group has largely been reduced. As can be seen from provided robust results for structural differentiation among possible isomers.
Tautomers
We also applied our protocol to the structural elucidation of a tautomeric system -adenine ( Figure 2 ). Previous studies have concluded that tautomer 5a is favored over 5b ( Figure   2 and Table 5 is favored over 5b in DMSO, which is also consistent with previous studies.
[ 16, 24] 6
Oxidation states
For structural elucidation of nitrogen oxidation states, we tested our methods with 6 ( Figure   3 ) -a second generation HIV-1 non-nucleoside reverse transcriptase inhibitor. [25] As we can see from Table 6, (Table 6 ), we can see that for 6a the overall deviations for all three methods are within 1σ. Therefore, we can conclude that 6a is the most likely oxidation state of this compound and that the most favorable nitrogen oxidation site is located at Pos.5.
Protonation states
For structural elucidation of different nitrogen protonation states, we tested our methods with molecule 7, which belongs to the pyrrole-imidazole alkaloids family. 7a, 7b, and 7c
are the alternative tautomers, and 7d is the protonated state of 7a ( Figure 4 ). As we can see from Table 7 , for the protonated structure 7d, all three methods performed well. The predicted 15 N NMR chemical shifts are in good agreement with the experimental data [26] . For 7a, 7b, and 7c, there exist significant deviations up to 80 ppm, indicating that a protonated structure is the dominant population under the NMR experimental condition. [16, 26] This was also supported by the averaged deviations for Method 5, 6 and 7, which are all less than 4.2 ppm (Table 7) . 4 Experimental Section
Database of nitrogen-containing molecules
In total, 24 and 46 molecules were included in our test sets for CHCl 3 and DMSO, respectively (see Table S1 and S2 in ESI for more details). Two criteria for selection of molecules include a) reliable experimental data available, preferably in both CHCl 3 and DMSO; b) being small and relatively rigid (i.e., with only one dominant potential energy minimum). The reason for the second selection criterion is to avoid dealing with conformational averaging in isotropic shielding constant calculations during the fitting process. Theoretically, for flexible molecules with multiple minima, the isotropic constant (σ) can be calculated from those of individual conformers via the Boltzmann averaging of the isotropic shielding constants with respect to the relative potential energies for different conformers. [6] However, the potential errors in the description of the energetic properties with a particular adopted quantum mechanical method (including the implicit solvent model) might contaminate the fitting process. Instead, in this work, we focused on small and rigid molecules to avoid such an averaging. To study the performance of our fitted linear regressions, we also compiled a probe set with 12 rigid molecules (see Table S3 in ESI for more details) for both CHCl 3 and DMSO sets. Additionally, to address the challenge posed by the predictions of various -NH 2 chemical shifts, a database of 12 -NH 2 containing rigid molecules (see Table S4 in ESI for more details) was also built.
Computational details
We followed the procedures proposed by Tantillo and co-workers. [1, 17] First, geometry optimization calculations were carried out in vacuo to locate the minimum on the potential energy surface, considering the fact that the addition of solvent model in this step may be computationally expensive. [27] The optimized structures were verified by vibrational frequency calculations. To avoid the complexity in dealing with the effects of multiple conformations on chemical shifts, we decided to select small and rigid molecules into our database for linear regression. In the second step, NMR single-point calculations were performed with an implicit solvent model, which has been shown to significantly improve the accuracy compared to NMR calculations in vacuo. [1] The implicit solvent model SMD [28] was applied.
The gauge-independent atomic orbital (GIAO) approach was applied to calculate the 15 N isotropic shielding constants. [3] All the calculations were performed with Gaussian 09.
[29] To be consistent with Tantillo and co-workers' previous work on 1 H and 13 C chemical shifts, [17] six different methods for the geometric optimization and NMR calculations were adopted for 15 N chemical shift calculations (Table 1 , Method 1 to 6). This will facilitate 15 N chemical shift predictions without additional calculations in practical applications. Additionally, a recently proposed method B3LYP/cc-pVDZ, which was applied by Xin et al., [16] was included for comparison (Table 1, Method 7) . However, what needs to be underscored here is that there are two differences between our procedure and the procedure proposed by Xin et al.: [16] Firstly, the databases are different, so the fitted scaling factors are different; secondly, the solvation models are different, we applied the SMD model, [28] while they used the CPCM model. [30] The linear regression was then fitted based on experimental chemical shifts (δ) and computed isotropic shielding constants (σ) for the test set with the following equation
Once these scaling factors are determined and verified accordingly, they can be applied for prediction of unknown 15 N chemical shifts in other molecules.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. a)
The geometry optimization and vibrational frequency calculations were performed with this method.
b)
The GIAO calculations [3] were performed with this method together with the SMD solvation model in Gaussian 09.
[28] c)
The fitted empirical scaling factors (slope and intercept in Eq. 1) for the chemical shift calculations in CHCl 3 . The linear fitting can be seen in ESI Figure S1 .
d)
The fitted empirical scaling factors (slope and intercept in Eq. 1) for the chemical shift calculations in DMSO. The linear fitting can be seen in ESI Figure S2 .
e)
The fitted empirical scaling factors (slope and intercept in Eq. 1)
for -NH 2 chemical shift calculations in DMSO based on the separate database of -NH 2 containing molecules. The linear fitting can be seen in ESI Figure S3 . Such a fitting was not feasible for CHCl 3 due to lack of experimental data.
f #int=ultrafine was included in all calculations involving M06 functionals. Table 2 : The performance of the fitted empirical scaling factors for the seven methods in Table 1 .
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